Identification of cis-acting elements that affect transcription of eukaryotic genes is essential for understanding how these elements interact with diffusible regulatory molecules to control gene expression. Recent localization of DNA sequences required for transcription by RNA polymerase III has drawn attention to control regions lying inside genes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In several cases, however, 5' flanking DNA also influences the efficiency or the position of transcription initiation by RNA polymerase III (3, (12) (13) (14) (15) (16) . In one instance, 5' flanking sequences are absolutely required for activity: replacement of =5 kilobases (kb) of the normal 5' flanking DNA with unrelated sequences destroys the activity of a Bombyx mori (silkworm) alanine tRNA2 gene in homologous in vitro transcription systems (17) .
To understand how upstream sites control gene activity, we wished to identify the essential region within the 5' flanking DNA of this tRNA Aa gene. We therefore constructed a series of deletions removing successively larger amounts of flanking sequence. We expected analysis of the resulting mutant templates to yield two kinds of information. First, the position of the external control region relative to the transcription start site should suggest the nature of its role. For example, a control region lying close to a gene could interact directly with RNA polymerase or associated factors at the point of transcription initiation. It would thus be functionally analogous to regulatory sequences adjacent to prokaryotic genes. In contrast, the contribution of a far upstream control region would likely be somewhat different. Distant sites might function as regulators of local DNA superhelicity, as has been suggested for some genes transcribed by eukaryotic RNA polymerase II (reviewed in ref. 18 ).
In addition to providing positional information, localization of the required region of the tRNAea gene might also allow us to recognize the particular oligonucleotides that act as transcriptional control elements. Comparison with similar regions adjacent to other Bombyx RNA polymerase III templates could reveal sequence homologies. The distribution of such conserved sequences among different classes of genes would suggest how general their control function might be.
To learn whether the activity of Bombyx tRNA"Ia genes is controlled entirely by upstream elements, or whether intragenic elements are involved as well, we also examined the properties of genes from which variable amounts of coding sequence had been removed. In this paper we show that an essential upstream control region is located within the 34-nucleotide sequence immediately adjacent to the transcription initiation site. In addition, a region downstream from this site, within the 5' half of the coding region, is important for activity. We believe that certain sequences within these regions are particularly significant because they are found in other genes transcribed by Bombyx RNA polymerase III.
MATERIALS AND METHODS
Cloned Genes Used for Deletion Analysis. The tRNA Ia gene used in this work was originally isolated as a 13.5-kb EcoRI fragment of the Bombyx genome (19) . The Analysis. The 5' and 3' deleted tRNAAIa genes were constructed as outlined in Fig. 1 , using BAL-31 mutagenesis procedures (20) . The endpoints for all 5' and 3' deletions were established by DNA sequence analysis (21) . The sequences were searched for homologies and dyad symmetries by using the SEQ computer program (22) (17) . Most assays were conducted at the previously determined optimal DNA concentration of 20 ,ug/ml. However, to ensure that the effects we observed were not limited to a particular set of reaction conditions, assays were repeated with different extract preparations and at different DNA concentrations (10-30 ,g/ml). The Abbreviations: kb, kilobase(s); bp, base pair(s).
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Limits of the 5' Flanldng Signal. As illustrated in Fig. 2A , replacement of normal 5' flanking sequences between positions -222 and -34 with either of two vector sequences does not significantly alter transcriptional activity. Templates deleted up to positions -157, -97, -46, and -34 have 85-100% of wild-type activity (Fig. 3) and direct initiation at the normal site (not shown). In striking contrast, longer deletions that remove the additional 31 nucleotides between -34 and -3 result in complete inactivation of the tRNA gene. These mutants, as well as others with deletions extending even farther into the gene, give no detectable transcripts.
These results localize the upstream boundary of the 5' flank- Figs. 2 and 3) . In no other case have we observed an effect of varying these sequences.
Coding Sequence Requirements. To learn whether essential control elements lie downstream as well as upstream from -11, we measured the template efficiencies of genes deleted from the 3' direction. Figs. 2B and 3 show that the removal of sequences downstream from +61 has little effect on the efficiency of transcription. In contrast, deletion of additional sequences upstream from +61 reduces template activity. Unlike the sharp drop caused by removal of 5' flanking sequences, the loss of activity associated with progressive deletion of coding sequences is gradual. The transcription efficiency of a gene deleted at position +44 is 60% of the wild-type level, and that of a gene deleted at + 16 is still 13%. Complete inactivation finally occurs when only nine nucleotides of the original coding sequence remain.
Because we expected some 3' deleted genes to encode novel RNAs containing both Bombyx and vector sequences, it was important to verify that mutations which appeared to reduce transcriptional efficiency did not act by simply altering the structure-and hence the stability-of the RNA product. Therefore, we examined the transcripts derived from these genes in detail. RNA sequence analysis confirmed the presence of the predicted Bombyx and vector sequences in these transcripts, and it also established that none of the mutations alters the site at which initiation occurs. Moreover, long, short, and wild-typelength transcripts are all stable when tested directly by isolation and reincubation in transcription extracts (data not shown).
DISCUSSION
Our analysis of the transcriptional properties of partially deleted tRNA02a genes shows that both 5' flanking and internal coding sequences probably contribute control functions. It is clear that the upstream boundary of an essential control element lies between nucleotides -34 and -11 preceding the gene. The downstream boundary is less sharply defined, but it appears to enclose sequences within the gene. The coding region close to the transcription initiation site seems particularly crucial.
The 5' Flanking Control Element. Activity of wild-type tRNA~"a genes requires a short, well-defined element just upstream from the transcription initiation site. Alteration of the normal DNA sequence in this region abolishes transcription. The variety of sequence changes here that inactivate the gene suggests that loss of activity is caused by the removal of a positively acting element rather than by the gain of a negatively acting one. As shown in Fig. 4 , we have tested four different nonhomologous sequences in this region: two in the -11 deletion mutants described earlier (17) have been separated from potentially inhibitory sequences by cleavage with a restriction enzyme are not-reactivated (17) .
For these reasons, we favor the idea that a particular sequence flanking normal tRNA~" genes provides a positive signal to the RNA polymerase III transcription apparatus. More detailed mutagenesis will be needed to identify the critical sequence precisely, but we have attempted to recognize it by comparing sequences that flank several genes transcribed by Bombyx RNA polymerase III. Strikingly, similarities are found only within the region defined by this work as functionally important. Three blocks of sequence homology are located at similar positions within the 30 nucleotides preceding two tRNA'da genes and a 5S RNA gene of Bombyx (23) . These oli- (Fig. 4) . It appears that tRNA genes contain several regions with the potential for regulatory activity and that the requirements for particular control elements may vary in different organisms. Thus, in Bombyx, regulatory information provided by 5' flanking regions may compensate for a reduction of control functions in regions farther downstream. Variation in the schemes adopted by different organisms may reflect alternative ways of integrating the regulatory elements of individual genes with a more general control network. In this regard it will be interesting to learn whether the conserved sequences just upstream from several yeast tRNA genes are involved in the regulation of tRNA biosynthesis by certain amino acids (25) .
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